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This report summarizes the research carried out during the past three

years under ONR ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ The details of the experimental

~~~ work can be found in the Wayne State University Ph.D . Dissertation of Wolody-

myr Czubatyj , 1977 , Department of Electrical and Computer Engineering . The

important conclusions , both experimental and theoretical , are contained in the

attached reprints , which com pri se the major portio n of this report .

~~~ 
In brief , we experimentally investigated transferred electron effects in

1 C)
bulk n—GaA s and n-InP under hydrostatic pressure s , and compa red the results1 w

U with the results of our numerical Monte Carlo calculations. Our experimental

c~ results differe d substantially from those of other investigators , and our numeri—

~~~~ cal results showed that the discrepancies were due to the presence of substan-

ti al ionized impurity scattering in our samples. In general , we not only verified

that fundamental band structure effects are masked by contact phenomena , but

also that they are seriously affected by ionized impurity scattering .
~~~ 

To obtain useful results for fundamental band structure parameters using

transferred electron effects , the investigator must  begin with high puri ty ,  high

mobility material , relatively free from ionized impurities .  This can usually be

achieved by epitaxial growth. The epitaxial samples should be grown on a semi-

Insulating substrate and shaped Into ‘HI or turret patterns to minimize effects

1~~~~~~!BUTION 8TA~EML~NT Al
C// ~ i/ I pproved for public z.IeGis~

~ 
Diitñbution Uoliu~it.d

—I- -, —. ,-.——-——— ~~- —



—

due to the metallic contacts . Turret shaped samples are best since in one

polarity a boundary condition producing either transit time oscillations or

curre nt saturation due to a high cathode field will yield values of the satur-

ated drift velocity . In the opposite polarity , the absence of a domain mode

and a sufficie ntly high value of the peak velocity , along with current satur-

ation or switching , or circuit controlled oscillations , can then provide con-

fidence that low boundary field conditions have been achieved.
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TRANSFERRED ELECTRON EFFECTS IN n-GaAs AND
n-InP UNDER HYDROSTATIC PRESSUREt

W . CZUBATYJ . M. S. SHIJR and M. P. SHAW
Department of Electrical and Computer Engineering, Wayne State University. Detroit. Ml 48202. U.S.A.

Ab~tract—E*perime nlaI results are presented showing the variation of the peak velocity, electric field at peak
veloc ity and saturated velocity of the velocity -field curve for hulk n-GaAs under hydrostatic pressure. Similar data
are presented (or the field at peak velocity for bulk n-lnP. The extract ion of the data from the current-voltage
character istics is based on an cuploitalion of the influence of boundary conditions on the manifesta t ion of
transferred-electron induced (Gunnl currcnt instabilities. Our results, which differ from those of other in-
vestigations , are compared with our Monte Carlo calculations of the velocity-field curves for these materials. We
find that ionized impurity scattering plays an important role in the understanding of our data.

t. INTRODuJ(~rtON Pickering et a!. that the failure to observe an initial
Two recent experimental investigations of the high d ee- increase in V, w ith P by Hutson et a!. was due to the
tr ic field transport properties of st -GaAst l ,2) and ,~- nonlinear type of alloyed meta l-semiconductor used.
lnPf3J under hydrostatic pressure have helped provide Recently, we pointed out(7] that even with the linear
further clarification of the position and variation with metal-semiconductor contacts employed by V inson ci’ a!.
pressure of some conduction band extrema in these and Pickering ci a!., major features of the velocity-field,
malerta ls. Furthermore, V inson ci a!.1lJ have also made v (E) .  characte ristics may still be masked. We found that
un iaxial stress measuremen ts and obtained numerical once Ihe controlling influence of the contacts were eli-
ev idence supporting the view that the lowest subsidiary ntinated. the field at peak celocity . E~, (see Fig. I) was
minimum in the conduction ba,,d of GaAs lies at the I. found to increase substantially with P up to ncar
point in the Brtllouin zone[41. In the above investigation , 10 khar. Furthermore , the peak velocity, z~. and
t he high quality material employed was epitaxially saturated ve locity , c,, also increased as well.
grown from the vapor phase onto n ’ substrates and the Our experimental and numerical results , as we ll as
top contact was an alloyed metal (Sn or Ag—Sn) uni- those of Vinson ci a!., are summarized in Fig. I. To
formly covering the entire active region. In our studies obtain our experimental results , it was necessary to
we have used less pure , long bulk (horizontal Bridgman shape (sculpture) the samp le as shown in the inset. The
and Czochralski) samples wheTe contact effects have reason for this is that unless the cathode boundary
been mtnim ized by geometri cally shaping the sample to contact fields are reduced below E0 15, 71, a trans it-time
remove the active region from the influence of the instability will occur at currents belo w the current den-
cathode contact. Although both sets of results exhibit sity 1,. associated with v~. Samples that were not sculp.
some of the same qualitative features , there are sufficient tured produced either current saturation or transit-time
su bstantial quantitative differences so that it is difficult effects.
to obtain an unambiguous interpretation of the data. Our specimens were cut from previously metal lized

‘ These differences will be emphasized in the following and alloyed wafers of 1111) oriented bulk material having
two sect ions where our experimental results are presen- carrier concentrations in the range 1.7—2 .3 x 10” cm
t ed. In the last section we discuss the results of our and mobilities in the range 3000—5500 cm2/V- se c. All our

• numerical calculations, w hich demonst rate that ionized samp les exhibited an exponential increase in resistance
impurity scattering plays an it~ ,ortant role in controlling with P. beginning above about I kbar . which we attri-
the character of our experimental results. buted to carrier freeze-out to impurity levels as the hand

gap increased. This phenomenon makes the data analysis
2. FXPERJMEr~TAL RESULTS FOR u’GsAs more difficult and the results somewhat less precise , hut ,

The experimental studies involve applied voltages as we shall show , the results were consistent wit h our
sufficiently high to induce the Gunn instability(S) . V inson assumptions.
ci al.IIJ and Pickering ci al.121 have both observed that The contacts were formed by first evaporating onto the
the threshold voltage . V,, for the Gunn instability in- samp les a thin coat of Sn( SOOA thick), then elec-
Creases with applied hydrostatic pressure , P. in t he range trolessly depositing Ni( — l000A thick), and finally
from 0 up to about M khar. At higher values of P. Vt first evaporating another layer of Sn( — 12 .000A thick). The
decreases then increases with P until the instability samples were then alloyed for typically three minutes at
disappears near 30khar. The observation of a range S00°C.Theywerediced intopara llelopipedsapprosimately
w here V, decreases with P is consistent with the original 0.10x0 ,IOxO.O4cm on edge. Finally, each parallelopi ped
observations of Hutson et a!. 16). It was demonstrated by was sculptured into the form shown in the inset of Fig. I by

using a wire string saw coated with abrasive grit. When the
tResca rch supported by the Office of Naval Research under sma ller contact was the cathode the current saturated at a

Contract No. N-0014-75.C-0399. value j . = neu~ 15). w here ne is the charge density. When
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Fig I. Normatiied peak velocity (dots) and saturated velocity (straight lines) vs normalized electr ic field at peak
velocity as a function of P for GaAs. The data were extracted from 1(V)  curves for three samples taken with
100 nsec voltage pulses at a prf of 50 hi. For a typ ical samp le r~ = 1 .97 x to ’ cm/sec and F,. 4800 V / c m .  The
crosses bcgtnning at the P = 0 point represent an average of the data appearing in Ref. I. The cursed solid tine
represents an average of the numerical results we obtained and those of Ref. I: N, = 0. The dashed line sh,i~ s our
numerical resulis for N, = tO ” cm ‘. The dot-dashed line shows our numerical results for N, = (0 ° cm The inset
displayu the shape of a ty ptca l samp le, drawn to scale. The pre-scu lptured dimensions are given in the text.

Sculpturing typically reduced the cross-sectional area by about a factor of 7.

the larger contact was the cathode (here the active region is alternate method of obtaining these parameters. Corn-
effectively removed from the influence of the cathode parison of t ,. with v ,. E~ wit lt E~ and ~a with ~z ’ provided
contact) . t he 1( V) characteristics were linear up to r,,. a cr itical check of our technique. The agreement was

A fter the 1( V) measurements were made , the samples never worse than 15% and typically good to within 5%.
were mounted by their leads on a transistor header . Each datum point plotted in Fig. I is an average of the
immerse d in epoxy, capped and centrifuged to remove primed and unprimed data. The sources of error are
any bubbles present in the epoxy. They were then placed uncertainties in changes of physical dimensions with
in a core drilled from the center of a cut pyrophylite pressure (2%). P(5%). I and V (3%). and p (10%). It is
regular tetrahedron. 2.54 cm on edge. The core voids evident that v0. F0, and t , all increase substantially with
were filled with a Duco-rouge mixture and the pyramid P up to 10 kbar. It is evident that r~. F,,. and ~ all
rouged and placed into a tetrahedral press capable of increase substantially with P up to (1 khar. In the data
achieving pressures up to 40khar. The system was cati- shown in Fig. 1 the turnoser point (where )r~. E0) starts
brated and checked for hydrostatic behavior by replactng decreasing with P) is near 10 khar. However , the high R
the GaAs samples with Bi. Ce. Hg. or Yb, and recording of the sample at these P’s ma ke the turnover point
the P-induced phase transitions in these materials, difficult to determine accurately.

The I) V) curves (or both polarities were measured at
I khar intervals up to 12 khar and the data analysis 3. FXPi~RtMF5TAI . REStI.TS FOR .-P~P
proceeded as follows. First , at atmospheric P. the low- Pitt and Vyas( 3) found that ‘u , for the Gunn instability
voltage resistance . R, of the sample . V,. I~. and 1. were in InP remained constant for pressur es up to near
measured, w here l~ and I, arc t he peak and saturated 40 khar. After that V, increased with P up to about
currents , respect ively. The ratio 1,/I . yielded L 0/ V , 70 khar. Our results , which are startlingly different. are
directly. t’~ was obtained by using the value t , shown in Fig. 2. To obtain these results , the InP samples
0.86 x 101 cm/sec. This fixes F,. (S. 71 and hence the were prepared almost exactly as the GaAs samples .
mobility ~z(= r 0/ E 0 ) . The carrier density, n. was then However , the “turret ” type samp les shown in the inset
determined from the resistivity. p. measure d prior to of Fig. I were e xtrem ely hard to fabricate since lnP is
scu lpturing. j ,, wa~ calculated (= nev~) and the effective very fragile and cracks under the slightest stress along the
cross-sectiona l area A of the active region was then (100 ) plane. Even when a sample was successfuHy fabri-
determined ( = 10/j 0 ). The pseudo-sample-length I was cated , it was found that ii could not be cycled electrically
taken as V,1E~ ( Both I and A arc expected 10 remain because the high fields often present at the small contact
constant to within 1—2% up to l2kba r.) caused irreversible damage. Therefore , a different design

Next , as P was increased we determined p( = RA/l) ,  was tr ied in order to reduce the fields at built electrodes.
n (using the fact that M will decrease by about 10% Two deep cuts were made into the sample with one
from 0 to I0kbar .(8J w hich we checked experimentally surface cont ract removed (see inset of Fig. 2). (Such a
for self-consistency). ),, . t ,. v ,( j,Jne). E,, large contact area.douhle cut sample proved to be stable
E

~
( = t~’~l~e) and ~

j ’( = v ,/E,j . The primes denote an under hydrostatic pressure. Voltage probing ol Teledel-

~-~~~~~ r ~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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2.C 4500 cm 2! V-s ec . The resistivity varieJ from about 0.4 to
0.6 fl-cm. In order to avoid cu m ulative breakdown
e ffects in these samp les , we app lied single-shot voltage
pulses. As the app lied bias brought the current to near

- 
20, t he peak value, t he 1( V)  curves develop, d a small

IS sublinearity. w hich is expected for InP since its t - (E)

V/ o•’ curve is sublinear prior to threshold (GaAs is linear). At
Vp 1.0 P(hbar) (0-0)5 t he peak current , a switc h to higher current occurs along

_________________ thc load line. We attribute this effect to impact ionization

~~~~~~~~~~~~ within the anode high field region(S) .
The peak current density i,, = 1, / A. where A is known

to within 10% and I,, to w ithin 3%, yielded a value for it .

assum ing a given value for t’0. This also yielded a cor-
responding ~z from the t’(E) curve for lnP obtained by

0 20 Fawcett and Herhertf9j . The resistivity was then
- 

measured , and the process iterated until good agreement
between r,,, ~z it and p was obtained.

As for GaAs. p as a funcl ion of P was obtained. Next.
Fig. 2. Normalized peak velocity s’s normalized electric field at J,Jne yielded r,, as a function of P. F,, as a function of P
peak vcIoc ,t~ as a function of P for tnP. The inset displays the was obtained by dividing V, by a constant determined by

shape of a typical sample, drawn to scale, t he width of the cut and a geometric sculpturing factor.
The data presented in Fig, 2 represents an average of

t~~s resistance paper cut to model the cross-sectional three samp les,
shape of an actual sample showed that approximately
half of the applied voltage was dropped in the central
region and the remainder in the bulk.) When the applied 4. NUMERICAl. CAlCULATIONS AND DIS€’US.SiON

bias was increased, the voltage drop in the central region In order to explain Ihe above data, we per formed
wou ld correspondingly increase. Due to the large area of Monte Carlo calculations of the r ( E)  characteristics. In
the contact region , only a small voltage was dropped this paper we will emphasize our results for GaAs.. We
t here. Only at very large voltages , appro ximately two or used essentially the same parameters used in Ref. I:
t hree times larger than the peak voltages used, does the Effective mass-n, ” = 0.68w ,,, m~’ = 0.3Snt ,,, ,4’ =
cathode drop become significant (25 to 33% of the sam- ‘ 0.35ni ~; Energy separation-~ E1., = 0.40eV . ~Er i. =

pie voltage). Upon reaching the peak current for the 0 .38eV : Pressure dependence of the energy separations .
samp le, the central region began to avalanche rapidly, (dE ,- . . , / dP) = — I t  x lO ” eV bar~’. (dEr ,JdP) =
producing in a short time a sample of tower resistance. —5 x JO eV bar ’’ ; Deformation potential ‘- 7eV:
and yielding an increased current and smaller voltage Coupling constants—the unscreened values of Ref. 9;
drop across the central region. If the fields at the con- Pressure dependence of effective mass , (dm ,” / d P)  from
tacts were re latively small at the time of this switching k - p  theory with (d E J d P) =  lOx 10 6 eV bar ‘ and m~ .
effect , t he switching occurred along the load line to a m 1° coflstan i. (F0 is the energy gap and F. x , L ure major
stab le, higher current point. If. however , t he contact symmetry points in the Hrilloiun zone,) Using these
fields were too large when the switch occurred and the parameters with parabo lic hands , and considering acous-
redistribute d si ’) tage caused breakdown in these regions , tic , opt ical . interva ltey and intravalley scattering, we
irrevers ible damage would occur. Several samples were were able to reproduce the numerical results of Ref. I
destroyed in this manner, reasonably well (see Fig. I) . Only when we’ included

The data taken for the sculptured InP samp les (Fig. 2) ionized impurity scattering at a density greater than
were stmi lar to those of GaAs . except that the “current about N, = 10° cm were we able to obtain results that
sa iuratton polarity ” was absent because t he samples were similar to ours: an initial increase in i0 and a
were symmetr ic. Even in unsculptured samples that relatively large initial increase in E,. w ith increasing P
cou ld have shown saturation for lower carrier concen- (see Fig. I). (The use of the hand parameters suggested
tralionc , impact ionization within the high cathode field by Aspnes(4 1 made the agreement between experiment
region ,ilw ays caused the current to rise continuously and numerical calculation more disparate.) Note that i/i ’ ,.
wit h increasing voltage, making determination of a remains above unity over a larger range of P for larger
saturate d current impossible. The curves -also had a values of N,. E!E0 is also greater at a given P for larger
“soft ” knee, making determination of the ‘snec point ‘an va lues of N,.
unre ltahic process . In general, unsculptured hulk lnP We suggest the following model in order to explain the
samp les (it ~ 2 10° cm ’’) develop sufficiently high rote that ionized impurity scattering plays in controlling
c a t hode fields so that the current observed on a sampling the variation of the (t 0, E0 ) point with P. First , we know
osc illoscope will usually increase as the voltage in- that E~ increases as ~z decreases. Furthermore , since ~acreases , even w hen a domain instability is generated. decreases with increasing P. (dE ,JdP )  will be greater for

Our samples had carrier concentrations typically in the smaller ~u in the range where F0 increases with P. Since
range 2—4 x 10” cm ’’ and mobilities between 3500 and ~a decreases as N, increases , we expect that both F,, and

‘~~I 5.4 Ii Sn i—F
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its variation with P to increase with increasing N,. mater ial, relatively free of ionized impurities. This can he

Next , in order to explain why i,, increases with in- achieved by epitax ial growth. The cx p itax tat samples
creasing P. we -assume t hat the average drift velocity is should he grown on a semi-insulating substrate and
given by t’ (n,v , + n~r , ) / (n , + it,), w here v,. it, and shaped into “H” or turret patterns to min imize (or eli-
t ’,, n, are the drift velocities and electron concentrations minate) the metallic contact effects. The turret shaped
in t he lower and upper valleys, respectively. Since nega- samples ( inset , Fig. I) are most useful since in ttne
live differential mobility is a “tail of the distribution polarity a boundary condition producing either transit-
effect ”, then we expect that near threshold it, 4 it,; also time oscillations or current saturation due to a high

4 r 1. Hence, near threshold. t’ r ,n ,J(n , + n,). cathode field will yield values of t ,. In the opposite
We know that impurity scattering decreases v1. Fur- polarity, t he absence of a domain mode and a sufficiently

thermore. the value of it0 near threshold wilt be rathe r high value of i’,,. along with current saturation or switch.
insenstttve to impur ity scattering, which is most im- ing. or c ircuit controlled oscillations , can then provide
portant at low electron energies (l0J . Thus , at atmos- con fidence that low boundary field conditions have
pheric P we expect and observe a lower valee of the actually been achieved iS).
peak velocity when impurity scattering is present than in
its absence(5 , III. Al low P our calculations show that P AcLnowIc d~en,e,m:s—M P. Shuts is grateful to A. Adams for
increases F0. w ith or without ionized impurity scattering, very helpful conv ersa t ions and correspondenc e. We also thank
At high fields (near threshold), the difference between ~, R. Jeff ery and D. Gustafson for experimental assistance and

guidance, and D. Ferry for a useful suggestion.in the presence of, and without ionized impurity scat te r~
ing becomes smaller (in the limit of very high fields both R8~’FRENCKS
values should be equal). This will result in an initial 

~ , p. V inson . C. Pickering. A. R Adams . W. Fawc et i and 6. Dincrease of r’,, w ith P in the presence of impurity scat- Pitt. Proc. 13th mt .  Costf. Phys of Semiconductors (Edited by
ter ing, The maximum value of v,, reached under applied F. G. Fumil. p. 1243. Tipografia Marves , Rome (1976).
P will of course he below that corresponding to the 2. C. Pickering. A. R. Adams , 6. D. Pitt and M. K. R Vyas . J.
s ituation without impurity scattering. Phys . C. 8, 129(19 75) .

3. G. D. Pitt and M. K. R. Vyas. I. Phys C8. 138 (1975).In summary, we have verified one, and uncovered 4 D. E Asp itec . Phvs . Ret 814, 53 31 119761.
anot her phenomenon which tends to mask fundamental 5. See. e.g.. P R. Solomon, M. P. Shaw . H. L. Gruhin and R.
band structure effects in negative differential mobility Kaut, IEEE Trans. Electron. Dcv. ED-22. 127 (19751.
(NDM) semiconductors. The new effect is that of ionized 6. A. R. Hutvon . A. Jayaraman , A. G. Chynoweth. A, S. Coriell

and W . C. Feldman. Phya . Rev. Leit. 14 , 639 (1965) .impurity scattering , Ionized impurity scattering affects 7. W Czubamyj and M P Shaw . App t Phys. Let!. 30. 205the peak velocity and field at peak velocity, making (1977).
accurate determinations of band structure variations with 8. 6. D. Pitt and 3, Lees , Proc. of Les Proprietiés Physiques
pressure difficult to achieve. The second effect is that of des Solids Sous Pression. p. 225. Centre National de La
the influence of the contacts on the form and stability of Recherche Scienimfique . Paris. (1970).

9. W. Fawceit and D. C. Herbert. I. Phys. C7. 164 1 (1974).the current-voltage characteristics of NDM semiconduc- 10. L. Zanfi. A. Losi, C. Jacoboni and C. Canali. IEEE Trans.
tors subjected to hydrostatic pressure [2 . 3, 7]. Electron. Dcv. FD-24 . 281 (1977).

To improve on the results obtained for GaAs and lnP, II. i. 6, Ruch and W . Fawcett , I. App!. Phys. 4 1, 3843(1970).
we should start with much purer , higher mobility
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Transferred-electron effects in n-GaAs under hydrostatic
pressure*

W. Czubatyj and M. P. Shaw
Deparinieni of Electrical and Computer Engineering, Wayne State University. Detroit , Michigan 48202
(Received 15 October 1976)

Experimental results show that the peak velocity, peak electric field, and saturated velocity of the
velocity-electric-field curve for n-GaAs all increase substantially with increasing hydrostatic pressure up
to about tO khar; the peak velocity and field then begin decreasing with further increase in pressure. The
extraction of the data from the current-voltage characteristics is based on an exp loitation of the influence
of the boundary conditions on the manifestation of transferrednelectron-induced (Gunn) current
instabilities.

PAcS numbers: 72,20.Ht , 72,80.Ey

Vinson d o!. ’ have presented numerically supported where V~- decreases with I’ is consistent with the orig-
ex perimental  evidence , based on hydrostatic pressure inal observations of Hutson ci al.~ It was demonstrated
and uniaxial stress measurements at applied voltages by Pickering e’f a!. that the failure to observe an initial
suf ficiently high to induce the Gunn instability,~ in har- increase in V~. with P by Hutson ci a!. was due to the
niony wit h the recent finding that the lowest subsidiary nonlinear type of alloyed metal-semiconductor contacts
minimum in the conduction band of GaAs lies at the L used. A major point of our paper is that even with the
rather than the .Y point in the Brillouin zone, 3 In this linear alloyed metal-semiconductor contacts emp loyed
paper we present further experimental evidence relating by Vinson i”l a!. and Pickering em a!. the major features
to this view and also provide additional data which for of the i - (E )  characteristics are still masked. Our re-
the first time displays major features of the variation suits show that once the influence of the contacts 6 is (i)
of the carrier velocity r’ versus electric field E c har- ‘! imimifcd and (ii) rontro l~ed , not only is the threshold
acter is t ic  at h ydrostatic pressures P below 12 kbar, fie ld F~ observed to increase cubs fa,, ij e’tl!v with  P ~p to
Vinson ci ~‘il. and Pickering ci a!.~ have both observed near 10 kbar hut , s u r p r i s i n g l y , the  threshold ve locity
that the threshold voltage VT for t he Gunn instability t ’~ and saturated velocit y r’~ (see Fig. 1) also increase
increases with increasing hydrost atic P in the range as well ,
from 0 up to about 15 khar. At higher values of P. V~. Crucial to our arguments is the fact that the classicfirst decreases then increases with I’ until the instabil- Gunn instabi lity, i.e., the cathode-to-anode transit-i ty disappears near 30 kbar. The observation of a range time t1xode ,a does not occur at a critical value of voltage

or electric field. In fact , t r y i n g  to extract useful infor-
niation from a variation in V T for this type of instabil-

_________________________________________ 
ity is a futile exercise. The instability occurs at a
critical value of eur ,’ , ’i r I  d ( ’nsz I y  i~. ~~~~~~ whic h is con—
trolled by the value of the electr ic  f ie ld  in th e negativet ’4s ’t differential mobility (NDM) region at the cathode bound-
a ry Fe As shown in Fig, 1, if F0 is too high (above the

and the current saturates at the value j ,=n 0c, ’ ,; a high- 
NDM region) the transit-time instability is suppressed

field region remains at the cathode. In order to reach
a crit ical current equal to j~ ( f rom wh ic h i’, can be ob
tam ed), low-field boundary conditions must be achieved ,
However , the cathode -to -anode transit-ti me instability
is also al ~ost always suppressed for low E~; here a

______________________________________ high-field region often evolves at the anode and the cur-
rent saturates yery near j~=,t 5,e:’ 0 (Fig. 1).

1 1G. 1. The t IE) curve and comlxster generated j-v s-E ( :w er— We have exploited the latter two boundary condi-
3.8age Field) curves (A , 1st , ti,, C) for various values of F . E0 (A) ttons (reU,Fro !!in~ and d ! i, n f nvsl in ~,’, respectively, the

0 E,,(Iti) 6 ky/cm , F~(I~
) M . 5 kV/cm , and E~

((’) 21 ky/cm . inf luence of the cotstacts) in order to obtain ,‘~~ , F0, and
Curve A results for low 

~~
, curve C for high F0, and curves v as functions of P. For our purposes the most impor-

l3~ and Is, for intermediate E~ 
(in the Nl)M region , shaded. tant of these boundary conditions is that of low F0. WeWhen F,? ma In the shaded regson , the cathode-to-anod e trans it— 

have only rarely found an alloyed metal-semiconductortime instability occurs). The reason curve A does not extend
up to is that small statistical doping fluctuattons were In- contact (for carrier concentrations in the mid-tO t’ cm 3
cluded in the calculations. The left— and right-hand ordinates range and below) that produced what could be charac-
ire related by j n0e r ’ (E) , where it 0 is tho doping densIty and e terized as a low F0 contact. We were only able to reli-

the els’ctrr,nic charge . This figure lit taken From Bela, 2 and 6 , ably achieve this boundary condition by scu lpturing thewhere it was demonstrated that the ,‘alc,sitntlnns . based on a
f ixed F0 model , provide c’xeettent agreement with experimental san3 ple to remove the active regiots from the influence
results on tong s:imples of ti-GaAs. of the contacts, Samples that were not sculptured pro-
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duced eithet’ curretot saturation or t ransit—time effects; eai’i’iet- d ensity ii was then dcterii iincc l froiti the rcsis—
transi t— t i ns e— type samples (intermediate F0; withit i the tivity p nieasured prior to sculpturing. i 0 was ca lcu lated
NDM region) become electrically utistable before t’ 0 (= su’t ’~ ) atod the effective cross-sectional area A of the
is approached and hence cannot yield information con- active region was then determined (=!~/i~). The l)S0ud0
cerning the peak point (‘ p. E’

). This is an importatit sample-letsgth I was taken as VT/F P. (Both I and A are
feature. Guétin and Schréder ° showed that the height of expected to remain constant to within 1—2~ U~ to 12
a Schottky barrier on n-GaAs increases with increasing kbar.)
P, insplying that E0 tncrea ses. Thus , we expect F0 to Next , as P was itocreased we determined p (= RA / ! ) ,increase with P for intermediate F0 samples. A larger n (using the fact that ~ wi ll decrease by about 1O~ f ronsE0 implies a lower 1,,, which means that the critical 0 to 10 kbar ,9 whic h we checked experimetotall y for self-current density for suc h samples will decrease with consistency), j~ , o- ,, t~~ , 

,‘~~ (= ,~Jne), F0, E (= r’~/j.i),increasing P while V T can increase. Such behavior has and ~i
’ (=r t’ / E~).  The primes denote an alternate methodbeen emphasized in Refs. 1 and 3 , and plays a major of obtaining these parameters. Comparison of m’ , withrole in their analyses.

s ’ , E, with F , and i.i with ~.s ’ provided a critical check
Our specimens were cut from previously metallized of our technique. The agreement was never worse than

and alloyed wafers of [111J-oriented bulk material hay- 15% and typically good to within 5~~. Each datum point
ing carrier concentrations in the range 3000—5500 cm2/ plotted in Fig. 2 is an average of the primed and un-
VseC. All our samples exhibited an exponential in- primed data. The sources of error are uncertainties in
crease in resistance wit h P, beginning above about 1 changes of physical dimensions with pressure (2~fl,
kbar. which we attributed to carrier freeze-out to im- 1’ (5~~), I and V (3~~), and p (lOtfl . It is evident that m’~,
purity levels as the band gap increased. This phenome- F,, and :‘~ all increase substantially with P up to 10
non makes the data analysis more difficult and the re- kbar. In the data shown in Fig. 2 the turnaround point
suits somewhat less precise , but , as we shal l show , (where [i’,, E 01 starts decreasing with 1’) is at — 10 kbar.
the results were consistent with our assumptions However , the high !? of the sample at these I~ s make

the turnover point difficult to determine accurately.
The contacts were formed by first evaporating onto

the samples a thin coat of Sn (— 500 A thick), then elec - For comparison we also studied the affect of P on
trolessly depositing Ni (—1000 A thick), and fina lly samples having intermediate E0 ’ s. V~~either remained
evaporating another layer of Sn (— 12000 A thick). The constant or decreased slightly as I’ increased to 10
samples were then alloyed for typi cally 180 sec at kbar. Again, no infornoation about the l)Oint (3 ,, F0)
500 C. They were diced into parallelopipeds approxi- can be extracted Irons intermediate F0 samp les.
mate ly 0. 1 ‘<0.1 ~. 0.04 ens on edge. Finally, each Visssos~ ci (I!. show that Monte Carlo calculations
parallelopiped was sculptured into the form show ti itS us ing  L as the Lowest subsidiary ntinimum pros’ide good
the inset of Fig. 2 by using a wire string saw coated agreement with the observations that hydrostatic I’
wit h abrasive grit. When the smaller contact was the initially increases F, and uniaxial stress nseasurements
cat hode, the current-voltage 1(V) characteristics were produce decidedly different behavior for surfaces con-
like those of Fig. 1, curve C (high E 0). When the larger tam ing (100) and (111) crystallographic planes. Our
contact was the cathode (here the active region is ef-
lectively removed from the influence of the cathode con-
tact), the 1(V) characteristics were those of Fig. 1,
curve A (low ~~) - 

After the 1(V) measurements were made , the samples ~
were mounted by their leads on a transistor header , ui

immersed in epoxy, capped , and centrifuged to remove
I ?  I,’ .any bubbles present in the epoxy. They were then ~ .~,

2’ ,placed in a core drilled from the center of a cut pyro - ‘ 0 ~~~~~ 6 l #  0
),31phylite regular tetrahedron, 2.54 cm on edge. The core , r

0 6 0 lurnvoids were filled with a Duco-rouge mixture and the urn -
mu
Ii) . -pyramid rouged and placed into a tetrahedral press 0 6

I ~::~
• 000.

capable of achieving pressures up to 40 kbar. The sys-
, ‘ 10101tern was calibrated and checked for hydrostatic behavior

0 ?by replacing the GaAs samples with Bi, Ce, Hg, or Yb,
and recording the P-induced phase transitions in these ~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ o~~~~~~_0 0 2  0 1  0 6  0 *  i S  i t  I I  6 I Imaterials.

FIG. 2. Normalized l)eak velocity (dots) and saturated velocityThe 1(V) curves for both polarities were nseasured at (straight lines) versus normalized peak electric field as a
1 kbar intervals up to 12 kbar and the data analysis function of P. The data were extracted from 1(V) curves for
proceeded as follows. First , at atmospheric P, the three samples taken with 100—nsec voltage pulses at a pri of
low-voltage resistance R of the sample , J~ , V~ , and 1, 50 liz2. For a typtcal sample v0~-1.97X 1O 7 cm/sec and E0
were measured. The ratio !,/I~ yielded r~,/ri, direct ly. ‘- 4800 V/cm. The curved line beginning at the P 0 point rep-

resents an average of the data appearing in Ref. 1. The insetwas obtained by using the value ,‘~ 0.88 x i0’
~ cm! shows the shape of a typical samp le , drawn to scale. The pre—

sec. From the Butcher-Fawcett m’(E) curve (Fig. 1) sculptured dimensions are given In the text. Sculpturing typt-
this fixes F, and hence the mobility ~.t ~

= v,/ E ,). The caily reduced the cross-sectional area by about a facto r of 7.
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hyd t-ostat ic I’ results a i.e in fair qua litative agt’ecnsci i ’ sihi lity, t he - Iiant~es in 0~~ and ~ wit h 1’ to t ight actually
wit h t heir  F 0 values (w hich they obtai is , i isa pproop riate I y, he snsa lle r than i ndi i-atcct . However , the nicasu red
from V~ ) but disagree with thei r results for ,~~~, which chatiges in would be unaffected since they are taken
have r0 decreas ing smoothL y wi th I’ (Fig. 2). Further- directly off the raw data. For further verification, the
more , our resu lts show that iIE,/ dP is much larger experiments shouLd be redone with sculptured bulk or
than they thought. Because of these discrepancies , the shaped epitaxial samples where P-induced carrier
results of their uniaxiaL stress tiseasurements is-must freeze-out is but a n-minor effe ct. Second , the Mon te
also be held as questionable since in those cases the Carlo calculations should be repeated in an attempt to
samples were also not shaped to eliminate contact fit our data. We have initiated such a prograns.
effects.
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with P (dF/ dP I r 11 ‘<1O~ eV/kbar) and the X point de- 

1 P.,L Vinson, C. Pickering, A.ll. Adams , W . l awc-ett , and
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~See , e.g. . P.R . Solomon, \l . I’. Shaw , II. I,. Grubin, and
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